Perforated colonic diverticular disease results in considerable mortality and morbidity. This review appraises existing evidence on the epidemiology and mechanisms of perforation, highlights areas of further study, and suggests an epidemiological approach towards preventing the condition. Computerised searches were used to identify published articles relating to the epidemiology, pathophysiology, and clinical features of perforated colonic diverticular disease. Several drug and dietary exposures have potential biological mechanisms for causing perforation. Of these only non-steroidal anti-inflammatory drugs have been consistently identified as risk factors in aetiological studies. The causes of perforated colonic diverticular disease remain largely unknown. Further aetiological studies, looking specifically at perforation, are required to investigate whether cause-effect relationships exist for both drug and dietary exposures. The identification of risk factors for perforation would allow primary public health prevention, secondary risk factor modification, and early prophylactic surgery to be aimed at people at high risk. D iverticular disease was first described in a medical textbook in 1920. 1 Before this time, colonic diverticula were thought of mainly as an anatomical curiosity, although some observers had described the associated complications of perisigmoiditis, peritonitis, and fistula. 2 Over the course of the 20th century, the prevalence of diverticular disease in Western industrialised countries increased. 3 This was partly through a true increase in incidence, but also because of improved awareness and detection of the condition. In 1975 the prevalence of diverticulosis was estimated to be 5% by the age of 40 years, rising to 65% at 80 years 4 but no recent measures exist. However, diverticular disease is now an important condition in terms of healthcare utilisation with a recent report showing that it is one of the five most costly gastrointestinal disorders affecting the US population. 5 While most people with diverticular disease remain asymptomatic, between 10% and 25% develop symptoms, and of these 15% will develop significant complications. 6 Complications can arise from perforation of a diverticulum either at a microscopic or macroscopic level (fig 1) . 7 The clinical manifestation of this event will depend on a number of factors, including the size of the perforation, the level of extracolonic contamination, and the body's ability to contain this contamination. The clinical features of perforation range from peridiverticulitis and small pericolic abscesses to large intra-abdominal or pelvic abscesses and purulent or faecal peritonitis. Rarely, patients with diverticular disease may also develop an associated segmental colitis, although it is unclear whether this is related to perforation. 8 The importance of perforated diverticular disease lies in the significant mortality associated with the severe manifestations of the condition. Most large case series show an overall mortality for patients requiring operative intervention of between 12% and 36%. [9] [10] [11] [12] [13] [14] [15] In addition, there is considerable morbidity with many patients requiring intensive or high dependency care, formation of a stoma, and prolonged hospital stays. Those patients left with a stoma face a second and often difficult operation to restore intestinal continuity. Perforation, therefore, has serious implications for patients as well as consuming many healthcare resources.
The mortality rates from perforation appear to have remained unchanged over the last two decades, despite improvements in antibiotic therapy, intensive care, and surgical techniques. 16 This may reflect the current lack of knowledge of the causes of this condition and strategies to prevent it. The aims of this review are to examine our present understanding of the epidemiology of colonic diverticular perforation, to highlight areas for further research, and to identify potential strategies for prevention.
METHODS
A computerised search of Medline (OVID), the Cochrane library, and the ISI Science Citation Index (ISI Web of Science) was performed. These databases were used to identify English language articles relating to the epidemiology, aetiology, pathophysiology, and clinical features of perforated diverticular disease for the period 1966 to December 2001. Because of the diverse terminology of the condition a broad range of subject headings were initially searched including "intestinal perforation", "diverticulitis", "colonic diverticulitis or diverticulosis", and "abdominal abscess". The search was focused by using the subheadings "epidemiology", "aetiology/ etiology", "pathology", "physiopathology", "complications", "prevention & control". In addition, the terms "perforated diverticular disease", "perforated diverticulitis", "colonic perforation", and "colonic diverticulitis" were searched as keywords or words in the title. The bibliographies of all retrieved articles were reviewed. Major surgical and colorectal textbooks published in the last five years were also reviewed to identify additional references. Identified incidence, cross sectional, case-control, and cohort studies were cited. No randomised controlled clinical trials relating to the aetiology or prevention of perforated diverticular disease were found. Data on the clinical aspects and mortality of perforated diverticular disease were obtained, where possible, from large studies with greater than 100 cases.
BIOLOGICAL MECHANISMS
An understanding of the biological mechanisms of a disease is important in formulating hypotheses and, if risk factors are identified, in supporting a causal relationship. The pathogenesis of diverticular perforation remains speculative but the initial event is thought to involve an excessive rise in intradiverticular pressure either by blockage of the diverticular neck with faecal material or alternatively by exaggerated colonic segmentation. 17 18 This pressure increase leads to focal necrosis and perforation within the thin walled diverticulum allowing local bacterial proliferation in the surrounding serosa, pericolic fat, and mesentery. If this progresses, a collection of pus may form and in some cases become walled off by pericolic fat, to form a small pericolic abscess. If the collection enlarges it may involve loops of small bowel, omentum or the pelvic peritoneum forming a localised abscess. If the pus is not contained, contamination of the abdominal cavity occurs producing purulent peritonitis. Finally if the initial perforation is large, faecal peritonitis may occur rapidly without associated diverticular inflammation. 18 Based on this process of progressive extracolonic sepsis, Hinchey et al have suggested a four stage classification of perforation (table 1) . 19 Patients with diverticular disease can generate markedly raised intracolonic pressures, 20 21 and the fact that nearly all diverticular perforations occur in the sigmoid colon, where the pressures are highest, is suggestive evidence that these changes are important. 3 However, they are unlikely to be the only important factor as it has been shown that diverticula are capable, in normal conditions, of expanding greatly in response to large pressure increases. 21 The properties of the colonic wall are also likely to be relevant in determining whether a perforation occurs. 22 Diverticula lack the normal smooth muscle layers of the colon and consist predominantly of mucosa. The mucosa, therefore, acts as the main barrier to colonic content and supports a complex biochemical and bacterial environment under the control of both chemical and neurological stimuli. [22] [23] [24] This environment is susceptible to alteration by exogenous factors leading to a breech of the mucosal defence and allowing rapid extracolonic passage of bacteria through the thin diverticular wall. In investigating the aetiology of colonic diverticular perforation, risk factors that produce impairment of the mucosal barrier as well as raised intracolonic pressures should be sought. Examples of potential risk factors are summarised in table 2.
EPIDEMIOLOGY OF PERFORATED DIVERTICULAR DISEASE
Descriptive studies An understanding of the frequency of a disease in varying populations is not only important for determining the resources for treating that condition, but can provide hypotheses for causation. The incidence rate is the most useful frequency measure for this purpose as unlike prevalence it is not influenced by duration of illness. Variations in the incidence of a disease between populations or specific groups often provide the first clues as to the cause of the condition.
One of the first studies to measure the frequency of the general, inflammatory complications of diverticular disease compared the incidence of diverticulitis in major teaching hospitals in Fiji, Singapore, Nigeria, and Scotland. 47 The annual incidence in Scotland was estimated to be 12.9 cases per 100 000. This was 60 times greater than in the native populations of the other countries, reflecting the underlying prevalence of diverticular disease. Only one recent population based study has measured the incidence of diverticular perforation. This study measured the frequency of abscess and peritonitis secondary to diverticular perforation in Norfolk, UK. 48 The incidence of perforation in this study was 4.0 cases per 100 000 population per year and an estimated 2000 cases per year were calculated to occur in the UK. The study confirmed the expected finding of a higher incidence with increasing age but also showed the age adjusted incidence was higher in males (5.1/100 000/year in males versus 3.6/100 000/ year in females). This gender difference is supported by work from case series but only in younger age groups. In a series of 366 patients from Finland admitted with diverticulitis, there was a predominance of males in the under 50 year age group whereas the opposite was true in older age groups. 49 This finding was consistent even after allowing for the baseline population. Other case series have shown a similar predominance of male patients in younger age groups. 50 51 Descriptive studies can also help to generate aetiological hypotheses in the initial stages of investigating a disease. In perforated diverticular disease, several small case series have implicated non-steroidal anti-inflammatory drugs (NSAIDs) as a possible aetiological factor. [52] [53] [54] [55] This has been supported by a larger case series that found 29% of cases of perforation were using NSAIDs. 48 These drugs have a plausible mechanism of action in perforation in that they inhibit the cyclo-oxygenase enzyme and reduce prostaglandin synthesis in the gut. Prostaglandins are important for maintaining an effective colonic mucosal barrier as they stimulate secretion of mucin and bicarbonate and increase mucosal blood flow. 56 In addition NSAIDs may cause topical mucosal damage, denuding surface epithelial cells and increasing colonic permeability. 57 This may lead to ulceration and the passage of bacteria and toxins through the mucosa.
Case series of perforation have similarly found other drugs to be commonly used. One such study found that 11 of 49 patients (22%) with perforation were taking steroids and that those on steroids had more severe inflammatory complications. 58 Corticosteroids have powerful immunosuppressive actions as well as anti-inflammatory effects and it is likely that these drugs could impair a person's ability to contain a perforation in its early stages. Other studies have shown similar findings in patients receiving corticosteroids [59] [60] [61] or other immunosuppressant drugs. 62 Another case series has reported that a quarter of patients with perforation were taking opiate analgesics. 48 Opiates have a plausible mechanism of action through their effects on raising intracolonic pressure and slowing intestinal transit. 21 By slowing transit time they might prolong the exposure of the diverticular wall to potentially damaging intracolonic pathogens or agents.
Analytical studies

Medication
Descriptive studies have identified NSAIDs as a drug commonly used by patients with perforation and there is now consistent evidence from analytical studies that NSAIDs are associated with the complications of diverticular disease (table 3) . Wilson et al showed that cases of complicated diverticular disease (bleeding and perforation) were significantly more likely to be taking NSAIDs than both an age and sex matched community based control group (34% v 4 %, p<0.001) and a group of colorectal cancer patients (34% v 7%, p<0.001). 63 Most of this association was attributable to the more severe complications of free perforation. A similar casecontrol study compared 50 patients with severe complications of diverticular disease with two control groups matched for sex and age. 66 Again this study showed consistent and significant associations between NSAID use and complicated diverticular disease. In the case group, 48% were taking NSAIDs compared with 18% of the first control group (consisting of general emergency hospital admissions) and 20% of the second control group (consisting of patients with uncomplicated diverticular disease). However, this study included diverticular bleeding among the complications and difficulties arise in determining the risks for perforation alone.
Only one comparative study has looked specifically at diverticular perforation, 64 comparing the use of medication in 115 cases of diverticular disease presenting with extracolonic sepsis (fistula, abscess, peritonitis) and 77 cases of diverticular disease without extracolonic sepsis (inflammatory mass, peridiverticulitis). In this study, both NSAIDs and corticosteroids were associated with the most severe clinical manifestations of perforation, namely peritonitis and abscess. Finally, a case-control study has found an association between NSAID use and perforations of the large and small bowel. 65 Here 740 case records of gastrointestinal perforation or haemorrhage were analysed retrospectively to investigate drug use. Of the patients with perforation, 22% were taking NSAIDs compared with 10% of a control group consisting of patients with uncomplicated bowel disease (p<0.01). No association was detected with corticosteroid use.
No cohort studies have looked specifically at diverticular perforation, but a large investigation from the US has identified an association between NSAID use and symptomatic diverticular disease in men. 67 This study followed a cohort of 35 625 male health professionals for six years using questionnaires to look at use of NSAIDs and symptomatic diverticular disease. After adjusting for other potential confounding factors, men taking NSAIDs had a relative risk for the development of symptomatic diverticular disease of 2.2 (95% confidence interval 1.3 to 3.9). 25 26 Prostigmine/neostigmine 27 28 Opioid receptors Opioid drugs 21 29-31 Reduced mechanical stretching of colon Fibre deficiency 32 33 Impaired mucosal barrier Altered microbial colonisation Antibiotics 34 35 Fibre deficiency 36 Altered mucin secretion NSAIDs [37] [38] [39] Fibre deficiency [40] [41] [42] Damaged epithelial cells NSAIDs [37] [38] [39] Red meat 43 44 Decreased immune response Corticosteroids and other immunosuppressants 45 Advanced age 46 However, in this study symptomatic diverticular disease was defined on the basis of self reported abdominal pain, bleeding, or change in bowel habit related to diverticular disease. It is unclear how many cases were attributable to perforation, bleeding, or simply mild symptoms.
The consistency of the evidence and the plausible biological mechanisms suggest that a causal relationship exists between NSAID use and diverticular complications. In particular, NSAIDs appear to be associated with the more severe complications of abscess and peritonitis. However, if these drugs are a true risk factor for perforation, they would account for less than 20% of cases. 48 Other risk factors must be important and could include drugs such as corticosteroids and opiate analgesics. Both have plausible mechanisms of action in perforation and observational evidence suggests they may be involved.
Diet
There are no studies that have examined whether associations exist specifically between diet and perforated colonic diverticular disease. However, variations in the incidence of perforation between countries with differing native diets, suggest that food components may be involved. 47 A large US cohort study has shown that both a high red meat intake and low fibre intake (particularly a deficiency of fruit and vegetable fibre) increased the risk of symptomatic diverticular disease by threefold. 68 This finding was supported by a case-control study from Greece, where red meat was shown to increase the risk of symptomatic diverticular disease while vegetables and brown bread were protective. 69 As both these studies suggested that red meat and a deficiency of certain sources of dietary fibre may lead to the development of diverticular symptoms, it is also plausible that they could play a part in perforation. Fibre may protect against perforation by increasing stool weight and water content thus reducing colonic segmentation pressures and transit times. 32 Furthermore, short chain fatty acids derived from the bacterial fermentation of fibre provide an important fuel source for colonic epithelial cells 24 70 and may be important in maintaining an adequate colonic barrier. 24 71 Red meat could predispose to perforation by the actions of its metabolites on colonic epithelial cells. Heterocyclic amines, products of cooked meat, have been associated with colonic mucosal cell apoptosis (programmed cell death) 43 while haem, the iron carrier in red meat, produces a highly cytotoxic factor in rat colons. 44 Further investigations are now required to specifically investigate the role of red meat and fibre intake in diverticular perforation.
Smoking and alcohol
Only two studies have looked at the relationship between smoking and diverticular disease and gave conflicting results. Of these, a large cohort study found no association between smoking and symptomatic diverticular disease, 72 while a casecontrol study identified smoking as a risk factor for complicated disease. 73 In the case-control study, smoking increased the odds of diverticular complications, which included perforation, by threefold. 73 The authors postulated that nicotine might predispose to inflammatory complications by reducing mucosal immunity in the colon. Smoking was highly correlated with alcohol intake, although the association between alcohol use and complications did not reach statistical significance.
Alcohol use has been investigated in a Danish study in which incidence rates of diverticulitis were compared between a cohort of alcoholics and the general population. 74 It was found that the risk of diverticulitis was trebled in women alcoholics and doubled in male alcoholics. However, the validity of these findings is uncertain as there is a lack of clearly defined criteria for the diagnosis of diverticulitis and a failure to adjust for the potential confounding factors of smoking and diet. Further aetiological studies are now required to investigate smoking and alcohol habits specifically in diverticular perforation. Such studies should adjust for the potential confounding effects of diet.
Conclusions
This review has highlighted deficiencies in our understanding of both the incidence and aetiology of colonic diverticular perforation. Despite being a major source of morbidity and mortality, few studies have attempted to investigate the causes of perforation. Most identified studies have investigated the heterogenous categories of "complicated diverticular disease" or "symptomatic diverticular disease" instead of examining single well defined conditions such as perforation. This creates problems in interpreting associations and makes comparisons between studies difficult.
Descriptive studies show that, as expected, perforation is most frequent in industrialised countries with a high underlying prevalence of diverticulosis. The risk of perforation increases with advanced age and appears to be greater in men. Consistent evidence also suggests that NSAIDs are causally related to the severe complications of perforation and are probably involved in about a fifth of all cases. This review has highlighted other potential risk factors that may be involved. These include corticosteroids, opioid analgesics, smoking, alcohol use, excess red meat, and fibre deficiency all of which have plausible mechanisms for causing perforation but on which limited epidemiolgical data exists.
With a more complete understanding of the causes of diverticular perforation three levels of prevention could be adopted. Firstly, primary public health measures could be instigated through, for example, education about safe use of prescribed and over the counter medications. Secondly, patients identified with diverticular disease could be advised on modifying risk factors such as dietary components. Thirdly patients admitted to hospital with minor complications of diverticular disease could be stratified into risk groups according to their exposures. Based on the potential risk of perforation, an informed decision could be made on elective surgical resection at an early stage. With a lack of good quality aetiological data, the current scope for prevention of perforated diverticular disease is limited. The cautious use of NSAIDs in people with known diverticular disease may have some benefits in reducing the incidence of perforation, but as a single measure it is unlikely to have a large impact. Fibre supplementation remains the mainstay of medical management in symptomatic diverticular disease 75 but this is based on inconsistent evidence [76] [77] [78] and there is no evidence that fibre prevents complications such as perforation. 77 Long term treatment with rifaximin, a poorly absorbed antibiotic, has been shown in a randomised clinical trial to improve symptoms in uncomplicated diverticular disease, 79 but such drugs have yet to be assessed in preventing perforation. The role of elective surgery in preventing complications is equally ambiguous with both the selection of patients and timing of surgery still debated. 18 80 At present, there is simply not enough aetiological data to identify those who would benefit most from surgery.
This review suggests that there is a need for further good quality epidemiological research to specifically identify risk factors in colonic diverticular perforation. Such research would allow preventive measures to be directed at both the general population and high risk groups, benefiting patients and reducing the healthcare resources required to treat them.
